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METHOD OF OPERATING AN 
ELECTROMAGNETIC ACTUATOR WITH 
CONSIDERATION OF THE ARMATURE 

MOTION 

BACKGROUND OF THE INVENTION 

An electromagnetic actuator for actuating a Setting mem 
ber has at least one electromagnet, which can be Supplied 
with current by a control device, and an armature that is 
operatively connected with the Setting member to be actu 
ated and which can be brought out of a first Set position, 
counter to the force of a restoring Spring, into a Second Set 
position, in which the armature is in contact with the pole 
face of the electromagnet, when the electromagnet is Sup 
plied with current. If the electromagnet is Set to be 
currentless, the armature falls back into its first Set position. 

The same applies for an electromagnetic actuator in which 
two electromagnets are disposed with spacing from one 
another, and between which the armature can be brought into 
contact with the one electromagnet in its first Set position, 
and with the other electromagnet in its Second Set position, 
counter to a respective restoring Spring, when the electro 
magnets are alternatingly Supplied with current with the aid 
of a control device. 
A critical factor in operating Such electromagnetic actua 

tors is that the armature be reliably brought into the set 
position defined by contact with the pole surface of the 
electromagnet, and that the armature be held Securely by the 
electromagnet until the current to the electromagnet is 
Switched off by the control device. 

If, for example, restoring Springs having a linear charac 
teristic are used, as the armature approaches the pole Surface 
of the electromagnet being Supplied with current, a 
progressively-increasing magnetic force counteracts the 
linearly-increasing restoring force of the Spring acting on the 
armature, So the moving Speed of the armature increases as 
it nears the pole Surface. A high impact speed of the armature 
at the pole Surface is not only perceptible in an increased 
noise level, but in an extreme case, the high Speed can cause 
the armature to “bounce” from the pole Surface, which, in a 
favorable case, can result in multiple armature impacts until 
motionless contact has been achieved. In an unfavorable 
case, the bouncing can be So Severe that the armature never 
achieves contact with the pole Surface, but is moved back in 
the direction of the first set position under the influence of 
the restoring force. This effect can be somewhat diminished 
through the use of Springs having a progressive 
characteristic, but a considerable Surplus of magnetic force 
remains toward the end of the armature motion. 

Through a corresponding control of the current Supply as 
the armature approaches the pole Surface of the 
electromagnet, it is possible to reduce the magnetic force 
proportionately to the distance from the pole Surface, So the 
braking influence of the restoring force of the restoring 
Spring can be better utilized and, accordingly, the armature 
can come to rest "gently with reduced speed on the pole 
Surface. Thus, not only is the noise level reduced, but at the 
Same time the risk of bouncing is practically precluded. 
To guide the current Supply to the electromagnet via the 

control device So as to ensure reliable capture of the arma 
ture at the electromagnet, the motion of the armature must 
be detected and, in the same motion cycle, the magnetic 
force must be influenced. This is possible, for example, 
through the arrangement of an electrically-inductive Sensor 
that detects the passing of the armature at a predetermined 
distance from the pole Surface of the capturing 
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2 
electromagnet, So this Sensor can trigger a signal that effects 
a reduction in the current Supply to the electromagnet by a 
predetermined amount, and thus a reduction in the magnetic 
force. In this method, however, only the time at which the 
armature passes, but not its moving Speed, can be detected. 
If, in addition to, for example, the force of the restoring 
Spring counteracting the armature motion, additional forces 
occur in the same or opposite direction over the course of the 
motion, Such as frictional forces from the armature guidance 
or Stochastically-stipulated counter-forces acting on the Set 
ting member to be actuated, the flight Speed of the armature 
can be reduced Such that the armature would require the 
entire magnetic force to even come into contact with the pole 
Surface of the electromagnet. If the magnetic force is 
reduced by a corresponding change in the current Supply at 
the time when the armature passes the Sensor, it is entirely 
possible that the magnetic force will not Suffice even to 
capture the armature, So the armature will move back in the 
direction of its first Set position. 

This type of “static” detection of the armature position 
with a Sensor is thus unsatisfactory, So attempts have been 
made to measure the actual armature Speed with additional 
Sensors and a time detection for obtaining a corresponding 
correction value to influence the current Supply. It has also 
been proposed to derive the electrically-inductive reactions 
resulting from the approach of the armature to the electro 
magnet for correction Signals, which will then be used to 
change the current Supply, and thus change the magnetic 
force. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a different way 
to solve the above described problem which offers advan 
tages as discussed below. 
The above and other objects are accomplished according 

to the invention by the provision of a method of operating an 
electromagnetic actuator for actuating a Setting member, the 
actuator including at least one electromagnet Secured to a 
Support and which can be Supplied with current by a control 
device, and an armature that is operatively connected with 
the Setting member to be actuated and which can be brought 
out of a first Set position, counter to a force of a restoring 
Spring, into a Second Set position in which the armature is in 
contact with the pole face of the electromagnet when the 
electromagnet is Supplied with current, the method compris 
ing the Steps of detecting a change in the Setting force of the 
restoring Spring at least during part of the armature motion; 
and deriving at least one of a respective position of the 
armature and its moving Speed from the detected change in 
the Setting force for use in at least one of checking and 
influencing actuation of the electromagnet. 

Thus, according to the invention the change in the Setting 
force of the restoring Spring is detected, at least during part 
of the armature motion, and, from this the respective posi 
tion of the armature and/or its moving Speed is derived in the 
control device for use in checking and/or influencing the 
actuation of the electromagnet. This Solution is based on the 
realization that the continuously-changing position of the 
armature with respect to the electromagnet can be derived 
from a proportional change in the restoring force that is 
predetermined by the Spring constant. A "measured value' is 
also given that allows conclusions to be formed about the 
respective position of the armature on its path from the first 
Set position into the Second Set position, because the mag 
nitude of the restoring Spring in the first Set position, the 
magnitude of the restoring Spring in the Second Set position, 
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that is, when the armature is in contact with the pole Surface 
of the electromagnet, and the Spring characteristic in this 
region are known. The magnitude of the restoring Spring is 
exclusively dependent on the position of the armature, So 
additional forces occurring in the opposite direction of the 
armature motion need not be factored into the “measurement 
result” as interference variables. Thus, it is possible to 
trigger a Setting Signal, by predetermining a force that 
corresponds to a minimum distance between the armature 
and the pole Surface, as Soon as this force is attained during 
the approach of the armature to the pole Surface, and 
correspondingly correct the current Supply to the electro 
magnet. While the Structural size of a Sensor for detecting 
the passing of the armature as known in the prior art 
necessitates discrete spacing of the Sensor from the pole 
surface, the method of the invention offers the option of 
providing a “measurement point' at an arbitrary distance, 
that is, in the immediate vicinity of the pole Surface. 

Instead of a “static' detection of the armature position 
with respect to the electromagnet, the method of the inven 
tion also offers the option of "dynamic position detection. 
This can be effected, for example, in that the change in the 
restoring force is detected over the entire Stroke and, if 
deviations occur from the nominal course “Set' as the 
nominal value in the control device, Setting and/or correc 
tion signals can be triggered. Moreover, it is also possible to 
detect the change in the restoring force in the time for 
deriving the moving Speed of the armature. In the detection 
of the change in the restoring force over time, Stochastic 
forces acting on the armature and/or the Setting member to 
be actuated can additionally be detected, So the change in the 
current Supply can be correspondingly adapted in the cap 
turing phase. 
An embodiment of the invention provides that the change 

in the Setting force of the restoring Spring is detected through 
a measurement of the compressive force on the Support of 
the restoring Spring. An advantage of this arrangement is the 
use of pressure Sensors that are correspondingly stationary, 
Such as piezoelectric Sensors, pressing bodies provided with 
Strain gauges or the like, So the wiring for the further 
conduction of the electrical measurement Signals can like 
wise be laid in a fixed arrangement. A further advantage of 
this type of restoring force detection is that the detection is 
independent of the type of Springs used, So it can be used not 
only with mechanical Springs, Such as helical compression 
Springs, but also with other Spring elements, Such as pneu 
matic Springs, rubber Springs or the like. 

Another embodiment of the invention provides that the 
change in the Setting force of the restoring Spring is detected 
through a measurement of the reaction force between the 
electromagnet and the Support. This arrangement has the 
advantage that the Sensor(s) need not be connected directly 
to the restoring spring. Normally, the electromagnet(s) is 
(are) disposed in a housing that is connected to the Support 
of at least one restoring Spring. In actuators having two 
electromagnets that are disposed with spacing from one 
another, as described at the outset, the housing itself also has 
a Support for this type of restoring Spring. Because the 
housing is assembled from numerous parts in accordance 
with the manufacturing technique, with the joining Surfaces 
normally being oriented perpendicular to the force effect of 
the restoring Spring, one or a plurality of pressure Sensors 
can be disposed in one or more Such joining Surfaces. 
Because of the changing restoring forces acting on the 
Support and/or the housing connecting the actuator to the 
Support, the connection between the electromagnet and the 
Support is acted upon by changing forces that are corre 
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4 
spondingly proportional to the force effect of the Spring, and 
can be detected by way of a pressure Sensor disposed in the 
joining Surface. Piezoelectric Sensors or other Strain gauges 
can also be used as Sensors here. 

A further embodiment of the invention provides that the 
change in the restoring force, particularly in a mechanical 
Spring, is detected through a measurement of the deforma 
tion of the Spring itself. In helical compression Springs, this 
can be effected, for example, through an arrangement of 
Strain gauges in the form of a Wheatstone bridge circuit 
directly on the Spring bodies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The method of the invention is described in detail in 
conjunction with embodiments of electromagnetic actuators 
shown in Schematic drawings. 

FIG. 1 is a Schematic croSS Section which shows a simple 
actuator having only one restoring Spring which can be used 
to implement the method of the invention. 

FIG. 2 is a Schematic croSS Section which shows an 
actuator for actuating a cylinder Valve having two electro 
magnets which can be used to implement the method of the 
invention. 

FIG. 3 is a block circuit diagram illustrating a further 
embodiment of the method according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 is a Schematic croSS Section which shows an 
electromagnetic actuator 1 including an electromagnet 2 
with a pole Surface 3 and an associated armature 4. Armature 
4 is Supported by a guide rod 5 on a free end 6 of a setting 
member 7 that is to be actuated. A restoring spring 8 holds 
armature 4 against a Stop 9 in a first Set position with spacing 
from pole Surface 3 of electromagnet 2. 

Electromagnet 2 is connected to an electronic control 
device 10 by which a coil 12 of the electromagnet is supplied 
with current corresponding to Supplied control Signals 11. 
When the current is Switched on, a magnetic field is built 

up, through which armature 4 is moved in the direction of 
pole Surface 3 of electromagnet 2, counter to the restoring 
force of restoring Spring 8. The armature comes into contact 
with the pole Surface in its Second Set position and, for the 
duration of the current Supply, is held in this Second Set 
position. Restoring Spring 8 is compressed corresponding to 
the Setting Stroke. 

If control device 10 sets electromagnet 2 to be currentless, 
armature 4 is guided back into its first Set position at Stop 9 
under the influence of the restoring force of restoring Spring 
8. 

In the electromagnetic actuator 1 shown here, restoring 
Spring 8 is Supported on a force-Sensing Sensor 13. It is 
therefore possible to detect the restoring force of restoring 
Spring 8, which changes as the armature moves. Force 
Sensing Sensor 13 can be constructed, for example, on a 
piezoelectric base, So an electrical Signal 14 is available, 
which can be supplied to control device 10 and correspond 
ingly processed. Because the restoring force in the first 
Switching position, the restoring force in the Second Switch 
ing position and the Stroke of the System predetermined by 
the distance between the two Switching positions and the 
Spring characteristic are known, the respective armature 
positions can be derived from the force measurement during 
the armature motion. From this, the respective correspond 
ing Setting Signals can be derived, for example through 



6,041,667 
S 

predetermining a threshold value for the restoring Spring, 
corresponding to the respective requirements. A correspond 
ing Setting Signal is triggered when this threshold value is 
attained. 

Because time-related Signals can also be inputted via 
input Signal 11, and, furthermore, control device 10 can be 
equipped with a corresponding time meter, it is also possible 
to determine the change in the restoring force per unit of 
time, So the moving Speed of armature 4 can be derived, the 
Speed being dependent not only on the mass to be moved and 
the magnitude of the restoring Spring, but also on other 
external influences, for example frictional resistances or the 
like. Hence, Such influences can also be corrected. 

In the Selection and arrangement of Sensor 13, only shown 
Schematically here, it must be taken into account that the 
working line of the resulting force of a perpendicularly 
loaded helical compression Spring is generally not congruent 
with the geometrical center axis of the Spring. The cause of 
this is the type of force introduction stipulated by the helical 
line, which does not permit a uniform loading of the Spring 
ends over the circumference. Consequently, the force is 
introduced at preferred locations on the contact Surface, 
typically with two to three distinct preSSure centers. The 
resulting Summation point of the individual forces can be 
determined from the pressure distribution, and taken into 
consideration in the Signal generation and evaluation. The 
eccentric position of this point effects reaction forces in the 
contact Surface of the Spring, which can be detected in 
transverse forces and restraining moments. Problems of this 
nature are to be anticipated anywhere movable parts are 
Supported by helical compression Springs and the function 
ing reliability is impaired by friction and wear due to the 
aforementioned reaction forces. In the present method, these 
moments are transmitted to the armature, and effect a 
rotation of the armature about its vertical axis. A conse 
quence of this is the undesired impact of the armature 
against the Spacing blockS limiting the armature Space 
laterally, and the associated risk of wear and the introduction 
of Stochastic frictional effects into the Spring-mass System, 
which is capable of oscillating. This form of armature 
motion is undesirable, and should therefore be kept to a 
minimum. 

FIG. 2 illustrates the use of the method for an electro 
magnetic actuator in which two electromagnets 2.1 and 2.2 
are disposed with spacing from one another, and between 
which armature 4 can move back and forth, counter to the 
force of respective restoring springs 8.1 and 8.2. The 
arrangement here is practically a mirror image of the System 
shown in FIG. 1, with the first set position being defined by 
the contact of armature 4 with electromagnet 2.1 and the 
Second Set position being defined by the contact of armature 
4 with electromagnet 2.2. The two electromagnets 2.1 and 
2.2 are disposed in a multi-part housing 15, having indi 
vidual housing parts that are clamped to one another and to 
a base 17, for example a cylinder head. Joining Surfaces 16 
are oriented transversely to the force direction of restoring 
SpringS 8. The force directions of restoring SpringS 8.1 and 
8.2 are oriented opposite one another, So that when the 
electromagnets are set to be currentleSS, armature 4 comes to 
rest in a central position between the two electromagnets 2, 
assuming identical Springs. Restoring Spring 8.1 Serves as a 
closing Spring, while restoring Spring 8.2 Serves as an 
opening Spring. The two electromagnets 2 are alternatingly 
Supplied with current by a corresponding control device 10 
in accordance with the predetermined control program, So 
armature 4 and thus Setting member 7, for example a 
cylinder Valve in a reciprocating engine, can be moved back 
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6 
and forth. In accordance with the control program, holding 
times can also be provided, So armature 4 can be held in one 
or the other Setting position for predeterminable times 
corresponding to the presetting by the control device. 

Instead of detecting the change in the force effect of the 
restoring Springs, which occurs as the armature moves, 
directly via the Support of one of the restoring Springs, as in 
FIG. 1, in the embodiment according to FIG. 2, a corre 
sponding pressure Sensor 13.1 is disposed in at least one of 
the joining Surfaces 16 between the individual housing parts. 
The preSSure Sensor detects the changing force effects on the 
connecting elements 18, only indicated here, which become 
effective when the armature moves due to the changing 
Setting forces of restoring SpringS 8. In this case as well, 
Signal 14 originating from Sensor 13.1 is Supplied to control 
device 10. 

In this actuator having two restoring Springs that face one 
another, the above-described problem of armature rotation, 
as well as its effects on the Sensor detection and the effect of 
the unavoidable eccentric force introduction, is taken into 
account in the design of the helical Springs of the electro 
magnetic actuator. The effects of the moments acting on 
armature 4 due to closing Spring 8.2 and closing Spring 8.1 
are intended to cancel each other out, So armature 4 does not 
rotate. This is made possible by different winding directions 
of the opening and closing Springs. In this winding 
arrangement, the Spring forces introduced via the end wind 
ings cause the two Springs to rotate in opposite directions in 
operation. These opposite-direction Spring rotations are 
therefore not transmitted to the armature, and do not cause 
the armature to rotate when equal Spring transverse-force 
components are introduced. 

Referring to FIG. 3, there is shown a diagram of a circuit 
for using Strain gauges and their connection to electronic 
control device 10. FIG.3 shows that a strain gauge 19, which 
is arranged on a deforming region of Spring 8, is connected 
in a standard way in a Wheatstone full bridge circuit with 
three additional Strain gauges 20, 21, 22. The two corner 
points D and E of the bridge circuit provide outputs to 
electronic control device 10, whereas the two corner points 
F and G are connected to a Voltage Supply for electronic 
control device 10. 
The circuit is adjusted So that if the actuator is not moving, 

an output Signal is generated that must be evaluated as 
"Zero.' If the armature is put in motion, then Spring 8 
experiences a deformation, which leads to corresponding 
changes in length on the Spring Surface to which the Strain 
gauge 19 is glued. Strain gauge 19 is also deformed as a 
result of this change in length, So that its forward resistance 
changes and the measuring bridge is correspondingly 
"detuned. Owing to the changes in the Spring expansion 
and associated changes in the expansion of Strain gauge 19, 
and the changed resistance between F, D, G on the one hand, 
and F, E, G on the other hand, different Voltages are present 
between points D and E so that a current flows that is 
proportional to the changes in the forward resistance of 
Strain gauge 19, caused by the deformation. The intensity of 
the current is available as a signal proportional to the Spring 
deformation for evaluation in electronic control device 10. 

The invention has been described in detail with respect to 
preferred embodiments, and it will now be apparent from the 
foregoing to those skilled in the art, the changes and 
modifications may be made without departing from the 
invention in its broader aspects, and the invention, therefore, 
as defined in the appended claims, is intended to cover all 
Such changes and modifications as to fall within the true 
spirit of the invention. 
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What is claimed is: 
1. A method of operating an electromagnetic actuator for 

actuating a Setting member, the actuator including at least 
one electromagnet Secured to a Support and which is Sup 

8 
change in the Setting force for use in at least one of 
checking and influencing actuation of the electromag 
net. 

2. The method as defined in claim 1, wherein the detecting 
plied With current by a control device, said electromagnet 5 step includes detecting the change in the setting force of the 
having a pole face, and an armature that is operatively 
connected with the Setting member to be actuated and which 
is brought out of a first Set position, counter to a force of a 
restoring Spring, into a Second Set position in which the 
armature is in contact with the pole face of the electromagnet 
when the electromagnet is Supplied with current, the method 
comprising the Steps of: 

detecting a change in the Setting force of the restoring 
Spring at least during part of the armature motion; and 

deriving at least one of a respective position of the 
armature and its moving Speed from the detected 

15 

restoring Spring by measuring a compressive force on the 
Support of the restoring Spring. 

3. The method as defined in claim 1, wherein detecting 
Step includes detecting the change in the Setting force of the 
restoring Spring by measuring a reaction force between the 
electromagnet and the Support. 

4. The method as defined in claim 1, wherein the detecting 
Step includes detecting a change in the Setting force by 
measuring a deformation of the restoring Spring. 
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